The evolution of the structure of galaxies as a function of redshift is investigated using two parameters : the metric radius of the galaxy and the power at high spatial frequencies in the disk of the (R g ) galaxy (s). A direct comparison is made between nearby (z D 0) and distant galaxies by (0.2 [ z [ 1) following a Ðxed range in rest frame wavelengths. The data of the nearby galaxies comprise 136 broadband images at D4500 observed with the 0.9 m telescope at Kitt Peak National Observatory (23 A galaxies) and selected from the catalog of digital images of Frei et al. (113 galaxies). The high-redshift sample comprises 94 galaxies selected from the Hubble Deep Field (HDF) observations with the Hubble Space T elescope using the Wide Field Planetary Camera 2 in four broad bands that range between D3000 and D9000 (Williams et al.).
ABSTRACT
The evolution of the structure of galaxies as a function of redshift is investigated using two parameters : the metric radius of the galaxy and the power at high spatial frequencies in the disk of the (R g ) galaxy (s). A direct comparison is made between nearby (z D 0) and distant galaxies by (0.2 [ z [ 1) following a Ðxed range in rest frame wavelengths. The data of the nearby galaxies comprise 136 broadband images at D4500 observed with the 0.9 m telescope at Kitt Peak National Observatory (23 A galaxies) and selected from the catalog of digital images of Frei et al. (113 galaxies) . The high-redshift sample comprises 94 galaxies selected from the Hubble Deep Field (HDF) observations with the Hubble Space T elescope using the Wide Field Planetary Camera 2 in four broad bands that range between D3000 and D9000 (Williams et al.) .
A The radius is measured from the intensity proÐle of the galaxy using the formulation of Petrosian, and it is argued to be a metric radius that should not depend very strongly on the angular resolution and limiting surface brightness level of the imaging data. It is found that the metric radii of nearby and distant galaxies are comparable to each other. The median value of the radius of the local sample is kpc, and the median radius of the HDF sample is kpc for
q 0 \ 0.5, H 0 \ 65 km s~1 Mpc~1 ; however, for kpc and for kpc. In the HDF, galaxies q 0 \ 0.1, SR g T D 7 q 0 \ 1, SR g T D 5 with redshifts larger than z [ 0.6 have Ñatter distributions than galaxies with redshifts smaller than R g z ¹ 0.6. However, the median values of high-and low-redshift galaxies are consistent with each other. R g This result is consistent with the simulations of galaxy images at redshifts z \ 0.35, z \ 0.5, and z \ 0.9, which show that the metric sizes can be recovered within^2 kpc.
The Ñocculency or power at high spatial frequencies is quantiÐed using a simple method that is based on surface photometry in one band and that depends on the size of the star-forming regions and on the intensity proÐle of the galaxy. In nearby galaxies, the Ñocculency is found to trace the star formation rate as s is correlated with optical colors (B[V ) and the strength of the hydrogen recombination lines (Ha).
In the HDF, galaxies at redshifts smaller than z D 1 and with Ñuxes brighter than B \ 25 have values of s similar to what is measured in nearby galaxies and to what is expected from simulations of distant galaxy images. Among the HDF galaxies, I Ðnd that at most 4% can be identiÐed as dwarf galaxies with rates of star formation similar to NGC 4449 and NGC 1569. Most HDF galaxies are giants with star formation rates similar to those in nearby giant galaxies.
In summary, in this study I have introduced a method to measure the metric sizes and Ñocculency of the two-dimensional light distribution of galaxies. As a result, I Ðnd that the high spatial frequency power is related to the star formation rate. Further, I Ðnd that the sizes and power at high spatial frequencies of HDF galaxies remain largely unchanged between the present epoch and redshifts lower than z D 1. Subject headings : galaxies : evolution È galaxies : fundamental parameters È galaxies : photometry È galaxies : structure
INTRODUCTION
Studies of the origin and nature of galaxies to constrain their evolution with cosmological time have focused primarily on deep multiwavelength photometric surveys, spectroscopic follow up, and on extensive modeling of the stellar content of galaxies (see reviews of Koo & Kron 1992 ; Ellis 1997, and references therein) . The results show a large population of blue galaxies that exceeds the no-evolution prediction by a factor of 2 at B D 22 mag and by a factor of up to 10 at B D 25 mag. Given that the galaxies responsible 1 Submitted in partial fulÐllment of the requirements for the degree of Doctor of Philosophy, The University of Chicago.
2 Visiting Astronomer, Kitt Peak National Observatory. KPNO is operated by AURA, Inc. under contract to the National Science Foundation.
for the faint blue excess have apparent sizes typically of 1A, a detail study of their morphologies had to await the delivery by the Hubble Space T elescope (HST ) of subarcsecond resolution images.
In the context of galaxy counts, galaxy morphology has provided new insight to the problem of galaxy evolution (Glazebrook et al. 1995 ; Naim et al. 1995a ; Abraham et al. 1996a ; van den Bergh et al. 1996 ; Odewahn et al. 1996 ; Driver et al. 1998) . By 1995, the morphologically segregated galaxy counts out to mag were interpreted as most B [ 25 of the evolution occurring in irregular galaxies, particularly in dwarf galaxies undergoing high rates of star formation (Glazebrook et al. 1995 ; . By 1998, the morphologically split galaxy counts out to mag B [ 29 suggest that the evolution of galaxies is due to a population of high-redshift spiral galaxies and that very few true irregu-TAKAMIYA Vol. 122 lars are responsible for the faint blue galaxy excess (Driver et al. 1998 ; Ferguson & Babul 1998) . Although galaxy morphological classiÐcation is commonly used, we do not yet have a uniÐed physical interpretation for the various shapes of galaxies and we cannot yet unambiguously classify the morphologies of galaxies (which depend on observed wavelength, inclination angle, and number of resolution elements across the image). Much as the classiÐcation of stellar spectra reÑects primarily a sequence in temperature, if the properties chosen to deÐne a classiÐcation system are relevant, the underlying physical processes controlling the morphology of galaxies may be revealed. This paper develops a technique designed to measure an image structural parameter, namely, the power at high spatial frequencies (hereafter referred to as s) and attempts to give a simple physical interpretation to it.
To this date many galaxy classiÐcation systems have been proposed (see Sandage 1975 for a review). The systems in use today are all in some way related to the Hubble classiÐcation whose criteria for spirals are (1) "" the relative size of the unresolved nuclear region,ÏÏ (2) "" the extent to which the arms are unwound, ÏÏ and (3) "" the degree of resolution in the arm ÏÏ (Hubble 1926) . Conventional classiÐcation is generally done by visually assessing each one of the above properties in the photometric B band.
A number of considerations must be taken into account when assigning morphological types and interpreting the results. First, the optical appearance of a galaxy is a strong function of wavelength. Galaxies that look regular at D4500 where the morphological classiÐcation systems A have been established can appear abnormal when observed in the rest frame UV OÏConnell & Marcum 1997) , which is often the rest frame wavelengths where distant galaxies are observed. Unless we know and account for the redshifts when classifying distant galaxies we will be comparing morphologies at di †erent rest frames and there will be a bias toward identifying higher redshift galaxies as irregular types as the observed spectra map onto progressively shorter rest frame wavelengths. Second, the sample of galaxies used in the conception of the Hubble system contained galaxies of mostly spiral and elliptical types. The number of irregular galaxies available when the Hubble classiÐcation was devised did not exceed 3% (Hubble 1926) , and even in the Revised Shapley-Ames Catalog of Bright Galaxies (RSA) (Sandage & Tammann 1981) , which currently deÐnes the morphological types, irregular galaxies amount to less than 5%. In contrast, when reaching faint surface brightness limits, dwarf irregulars dominate the volume (Tammann, Yahil, & Sandage 1979) , and when probing galaxies at high redshifts with high angular resolution, irregular galaxies become still more numerous (Driver et al. 1995 ; Glazebrook et al. 1995 ; Abraham et al. 1996a ; van den Bergh et al. 1996) . The Hubble classiÐcation scheme was not intended to exploit the morphological properties of irregular galaxies.
Quantifying Galaxy Morphology
Recent classiÐcations of galaxies into morphological types have proven to be particularly subjective. For instance, Naim et al. (1995b) and Abraham et al. (1996a Abraham et al. ( , 1996b ) had a sample of galaxies classiÐed into Hubble types by a number of independent experts. The study of Naim et al. involved a sample of 831 galaxy scans made with the Automated Plate Measuring (APM) machine. The galaxies that had typically magnitudes B ¹ 17 mag, and apparent diameters were classiÐed by six experts. In a 0@ .5 º D º 2@ slightly di †erent experiment, Abraham et al. (1996a Abraham et al. ( , 1996b had two experts classify a sample of 507 galaxies imaged with the HST with I \ 22 mag, redshifts in 0A .2 \ D \ 4@@, the range 0.1 \ z \ 0.6. In both studies there is agreement on average within roughly 2È3 Hubble types among the di †erent classiÐers. Most of the disagreement is found among images of either edge-on galaxies (inclination angles or among galaxies of irregular and peculiar types i Z 60¡) (T [ 7). The limitations of the Hubble system in classifying irregular galaxies are especially evident when applied to distant galaxies. At redshifts above z D 0.4 and I [ 21 most of the population of galaxies has been classiÐed as irregulars, interacting, or merger systems including new classes such as the "" blue nucleated galaxies ÏÏ (Schade et al. 1996) and "" chain galaxies ÏÏ (Cowie, Hu, & Songaila 1995) . As a result, the population responsible for the excess blue counts down to those limits has been identiÐed as galaxies undergoing enhanced star formation (Dressler et al. 1994 ; Glazebrook et al. 1995 ; Abraham et al. 1996a) . At even fainter Ñux limits I \ 26 and larger redshifts z D 1.5, the excess population has been identiÐed with starbursting dwarfs and the precursors of present-day spirals (Driver et al. 1998) . It is, then, unfortunate that visual classiÐcation of faint galaxies into irregular types has proven to be particularly subjective (Abraham et al. 1996b ) and that ArtiÐcial Neural Networks classiÐcation is prone to failure (Naim et al. 1995a (Naim et al. , 1995b . Perhaps part of the answer to the problem of interpreting distant galaxy images lies in the very fact that the classiÐcation of galaxies at high redshifts is not the same task as the classiÐcation at low redshifts.
Despite the shortcomings of galaxy classiÐcation mentioned above, Hubble morphological types are correlated, although with much scatter, with a number of global properties. The revised Hubble types correlate with the surface brightness, UBV colors, H I content, and Ha emission (Buta 1992 ; Kennicutt 1992) . Of special interest for galaxy evolution studies are the correlation between the composite spectral class and the relative size of the bulge and the disk (Morgan & Mayall 1957) , and the correlation between the integrated UBV colors and the presence of tails, wisps, and bridges in disks (Larson & Tinsley 1978) . However, a number of counterexamples exist. Far-infrared data reveal that early and late-type spiral galaxies span essentially the same range of massive star formation rates (SFRs ; Devereux & Young 1991 ; Devereux & Hameed 1997) . Optical data of clusters of galaxies reveal evidence for misleading morphological classiÐcations suggesting that environment plays a decisive role in masking their true Hubble types (Abraham et al. 1994 ; Caldwell et al. 1996 ; Koopmann & Kenney 1998) .
Motivated by the recent images of distant galaxies from HST , a number of groups have attempted to revise conventional galaxy classiÐcation systems to objectively classify galaxies at high redshifts (Naim et al. 1995a ; Abraham et al. 1996b ; Odewahn et al. 1996 ; Bouwens, Broadhurst, & Silk 1998a , 1998b . Two of the three Hubble classiÐcation criteria have been reexamined and extensively studied on a quantitative basis. The relative size of the bulge and the disk (HubbleÏs criterion 1), usually referred to as the concentration index (CI), is reÑected in the fractional Ñux within two predeÐned radii (Okamura, Kodaira, & Watanabe 1984 ; Kent 1985 ; Doi, Fukugita, & Okamura 1993 ; Abraham et al. 1996b) . The properties of the disks of galaxies have been studied mainly in terms of the spiral pattern (criterion 2) (Elmegreen & Elmegreen 1990 ). The knotty, scabrous appearance of the disk (criterion 3), however, has remained mostly unexplored. A parameter like the high spatial frequency power gives the associated structure a simple physical interpretation. As previously mentioned, the apparent structure of galaxies can be dramatically shaped by the presence of star formation within giant H II regions. This leads us to seek structural parameters that can be related to the present star formation rate to study directly the interplay between star formation and morphology.
Star Formation Indices
The most widely used method to estimate the star formation rate in galaxies is measuring Ha emission. From the strength of the Balmer line, one can infer the total rate of Lyman continuum photons produced by the present stellar population (Osterbrock 1989) . The Lyman continuum Ñux provides an estimate of the total number of massive stars (M [ 10È15 By assuming an initial mass function M _ ). (IMF), the number of massive stars can be related to the total number of stars and, if the star formation rate has been constant over the lifetime of observed massive stars ([107 yr), one can infer the current star formation rate in units of yr~1. Star formation rates range from essentially zero M _ in quiescent galaxies to over 100 yr~1 in luminous M _ starburst galaxies (Kennicutt 1993) . In our Galaxy, the present star formation rate is between D3 and 10 yr~1 M _ (Rana & Wilkinson 1986 ) based on the Lyman continuum photon Ñux of giant H II regions (Smith, Mezger, & Biermann 1978) and on supernova remnants and pulsars (Lacey & Fall 1985) . Measurements of Ha emission in nearby galaxies indicate star formation rates of 0.1È1 yr~1 in M _ S0ÈSa to 10 yr~1 in ScÈIrr galaxies (Kennicutt 1983 ) ; M _ however, each type of galaxy covers a range in star formation rate.
The picture is that early-type galaxies had most of their star formation occurring in the past, whereas late-type galaxies have a star formation rate that has been on average constant with time with some cases showing evidence for a higher star formation rate in the present than in the past (Kennicutt 1983 ; Gallagher, Hunter, & Tutukov 1984 ; Sandage 1986 ; see, however, Kau †mann & Charlot 1998) . What regulates such a di †erence in the star formation at early epochs ? What maintains or quenches star formation at the present epoch ? How can we explain the wide range in inferred star formation rates ? Features in the structure of galaxies that directly relate to the star formation rate may help reveal the mechanisms that determine the thresholds of onset of star formation. One of the goals in this study is to show that the high spatial frequency power is empirically correlated with optical star formation indices.
When a galaxy is undergoing signiÐcant star formation, the light at optical wavelengths will be dominated by earlytype stars and emission from gas. The most prominent morphological features will be the star-forming regions. The most widely used optical star formation rate indices are UBV colors and emission-line spectra. Integrated UBV colors measure the overall slope of the spectral energy distribution. They are sensitive to the presence of OB stars and their Ñux contribution can be used to estimate star formation rates (Quirk & Tinsley 1973 ; Searle, Sargent, & Bagnuolo 1973) . For example, Larson & Tinsley (1978) modeled how a galaxyÏs colors would change if it suddenly underwent a burst of star formation. These models show that normal galaxies have UBV colors that are consistent with monotonically decreasing SFRs, the duration of which is longer than 5 ] 108 yr. In contrast, the colors of peculiar galaxies have a large scatter and can be consistent with bursts of durations as short as D2 ] 107 yr involving as much as D5% of the total mass (Larson & Tinsley 1978) .
Star formation rates are also commonly estimated from measurements of the Ha emission. The Balmer emission traces the luminosity of high-mass stars (10È15 which M _ ), contribute to less than D4% to the total stellar mass of a Miller & Scalo initial mass function (Miller & Scalo 1979) . Therefore to estimate the total mass involved in a star formation episode, the shape of the IMF at high masses has to be known, which has, however, large sources of uncertainty.
In addition to the uncertainties of the IMF, another source of uncertainty in the determination of the star formation rate is the extinction by dust. Dust extinction can absorb and scatter Lyman continuum photons before they cascade to Ha photons. The near-infrared (NIR) hydrogen recombination lines in the Paschen and Brackett series can help in estimating the e †ects of dust extinction. However, because the strength of Paa at gas temperatures in the range 2000È25,000 K is 6È10 times lower than that of Ha, and because of the underlying continuum of A and B type stars, the NIR line strength is expected to be very small in normal galaxies and only measurable with high-resolution nearinfrared spectroscopy (Calzetti 1997) .
The integrated spectra of galaxies provide diagnostics of their stellar content and SFR. Emission lines of Ha j6563, Hb j4861, [O II] j3727, and [O III] j5007 have been measured and interpreted as tracers of the formation rate of massive stars in galaxies (Hunter, Gallagher, & Rautenkranz 1982 ; Kennicutt 1983 ; Gallagher et al. 1984 ; Gallagher, Bushouse, & Hunter 1989 ; Kennicutt 1992 ; Kennicutt, Tamblyn, & Congdon 1994 ; Calzetti 1997) . At redshifts beyond z D 0.5 Ha appears at wavelengths longer than 1 km, and measuring SFR with Ha in galaxies at such large redshifts requires the use of near-infrared capabilities (see, e.g., Manucci & Beckwith 1995) or the use of other emission lines sensitive to SFR : Hb j4861 (Hunter et al. 1982 ; Gallagher et al. 1984 Gallagher et al. , 1989 Kennicutt 1994) . The general trend is an increase in the scatter between Ha and the lines mentioned above mainly due to the decrease in the line Ñuxes in the latter (Kennicutt et al. 1994) .
Since star formation regions play an important role in a galaxyÏs morphology, the star formation rate and the galaxyÏs morphology may be intimately related. In this paper, I explore a morphological index, the high spatial frequency power (s), which is related to the lumpiness or Ñocculency. One of the goals is to deÐne s so that it di †eren-tiates objectively between galaxies containing low and high star formation rates and provides some order within the classiÐcation of irregular type galaxies. The Ðnal goal is to measure the metric sizes and s in nearby and distant samples of galaxies and look for variations in the structural parameters as a function of redshift.
In°2 I present the observations, data reduction, and analysis of the nearby and distant galaxy samples. In°3 I discuss the metric radius and present the deÐnition of the structural parameter s used. In°4 I present the result of s obtained in the HDF. In°5 I present simulations of images of galaxies seen at high redshifts to compare with the observed s values. The sample of nearby galaxies was taken from the publicly available Catalog of Digital Images (CDI) of Frei et al. (1996) and from observations with the 0.9 m telescope at Kitt Peak National Observatory (KPNO), hereafter the KPNO sample. The CDI contains images of 113 galaxies that are intended to span the full range of early and latetype galaxies with Hubble types between T \ [5 and T \ 6. The CDI galaxies have heliocentric velocities smaller than D3000 km s~1, total apparent B-band magnitudes smaller than and isophotal diameters at B T^1 3, D 25 a surface brightness level of mag arcsec~2 greater k B \ 25 than 100A as taken from the Third Reference Catalog of Galaxies (RC3 ; de Vaucouleurs et al. 1991) . In the CDI, 31 galaxy images are in the Thuan-Gunn gri photometric bands (Thuan & Gunn 1976 ) with a pixel scale of 1A .19 pixel~1, an instrumental gain of g \ 2e~ADU~1 (analogto-digital units), and readout noise of 9e~, and 82 galaxies are in the bands of the photometric system of Gullix-B J R son et al. (1995) with a pixel scale of pixel~1, an instru-1A .35 mental gain of g \ 11e~ADU~1, and readout noise of 90e~. For a complete description of the observations see Frei et al. (1996) . The images of both sets are well resolved with pixel scales sampling 20È300 pc. Only the Palomar data were obtained under photometric conditions. Unlike the CDI sample, which was meant to represent the generic early and late Hubble morphological types and included only Ðve galaxies with types T [ 7, the KPNO sample was selected for their irregular morphologies. It includes 23 irregular galaxies, eight of which were selected from the Arp Catalog of Peculiar Galaxies (Arp 1966) , seven from the list of Kennicutt (1992) , and seven from the list of Gallagher et al. (1989) . As an internal check, NGC 2403, a galaxy in the CDI sample, was included in the KPNO observations. Unfortunately, it was possible to observe only this one galaxy in common due to weather conditions during the run. The galaxies selected from the Arp Catalog have distorted morphologies and no companion galaxies. The galaxies selected from the list of Kennicutt have equivalent widths (EW) of Ha ] [N II] [ 35 and from the list of A , Gallagher et al. have Hb EW [ 9 (Ha] [N A II] Z 84 A ). Essentially, the KPNO sample was meant to augment the CDI with galaxies having signs of especially active star formation.
The images of the KPNO sample were observed during four consecutive nights between 1997 September 7 and 10 using the 0.9 m telescope in the Johnson BR photometric bands under nonphotometric conditions. Here I will only report on the results obtained with the B-band data. The galaxies were observed with the direct camera at f/7.5 (Massey et al. 1996 ) with a Ðeld of view of 23@ .2 ] 23@ .2, which when projected on the 2048 ] 2048 Tektronix CCD (T2KA) in the Cassegrain focus yields a scale of 0A .68 pixel~1.
The instrumental gain was set at 3.6e~ADU~1 with an expected readout noise of 4e~. Although the readout noise was measured to be higher (9e~) than the nominal value, it remains much lower than the photon noise and does not a †ect our Ðnal measurements. The reason for this discrepancy was not known at the time this work was done (W. Schoening 1997, private communication) . Exposure times of 10È15 minutes in the B band rendered typical sky levels between 600 and 900 ADU and total signal-to-noise ratios of the source larger than D100. Owing to the nonphotometric conditions Ñux calibration frames were not observed. The seeing, determined as the point-spread function (PSF) full width at half-maximum (FWHM) from stars in the Ðeld of view of the galaxy images, ranged from to 1A .41 1A .77.
Data reduction was done with IRAF3 following recommended procedures (Massey 1997) . The images were processed by choosing the overscan region on Ñat-Ðeld frames between columns 2052 and 2078 and subtracting a Ðtted vector of the overscan to each column of the images. Next all the zero dark exposure frames within each night were combined and subtracted from each image to correct for any residual bias level. To correct for variations in the response of each pixel, a master Ñat-Ðeld image was constructed from the median of one nightÏs worth of Ñat Ðelds and each object frame was divided by its corresponding master Ñat frame. Either dome Ñats or twilight Ñats were used to create the B-band Ñat Ðeld. When available, twilight Ñats were used, but most of the Ñat-Ðeld corrections were done with dome Ñats due to the cloudy conditions at dawn and dusk during the observations. The pixel-to-pixel variations in the Ñat frame images amount to less than 2%. The Ðnal images have gradients in the sky level of less than 0.1% across the Ðeld of view. The large dynamic range of the KPNO CCD of 65,535 ADU, which deviates from linearity at the 0.1% level at D50,000 ADU, ensured that, unlike the CDI, the images of the cores of the galaxies remain unsaturated.
Foreground stars were removed from each frame by constructing a point-spread function model from selected stellar objects within the image frame o † the galaxy and scaling this model to account for the Ñux of each pointlike object. To a certain degree the selection of foreground stars is arbitrary. For example, the number of stars identiÐed in the Ðeld of NGC 2403 in the CDI and KPNO sample di †er from each other in the sense that Frei et al. (1996) Ðnd more foreground stars than I do. In many cases the disputed overlapping objects have FWHM larger than that of a point source and in one case (NGC 2403) these have been identiÐed spectroscopically to be globular clusters at the galaxy (Battistini et al. 1984) , which suggests that in other cases too they are part of the galaxy and not foreground stars. Although there is a fair amount of uncertainty in cleaning the galaxy image of foreground stars, the resulting di †erence in s is minimal at this level. Nevertheless, it is important to note that the excision of foreground stars is not trivial.
Nearby Sample Characteristics
In Figure 1 , the B[V color distribution of the complete sample of nearby galaxies is compared to that of the RC3 and Takamiya, Kron, & Kron (1995) . The RC3 and Taka-No. 1, 1999 GALAXY STRUCTURAL PARAMETERS 113
FIG. 1.ÈB[V color distribution of nearby galaxies. T op: Subsample of RC3 galaxies with
Middle : Subsample of Zwicky catalog 12 ¹ B T \ 14. galaxies with 14 ¹ B \ 16. Bottom : CDI and KPNO samples used in this study. The total number of galaxies is given in parentheses. miya et al. (1995) color distributions are argued to be representative in the local universe. The main di †erence between the B[V color distributions is that the CDI ] KPNO contains no galaxies at both extremes in B[V : very red and very blue galaxies are missing. The galaxies in the CDI ] KPNO sample were selected to deÐne a complete morphological sample of nearby galaxies. This means that galaxies that are located nearby and that are bright were more likely to be included in the CDI ] KPNO. The reasons for the lack of extreme B[V color galaxies in the CDI ] KPNO sample are di †erent at each end. At the blue end, the galaxies are missing because they are of very low surface brightness and therefore they become difficult to image at a sufficient signal-to-noise level to be useful for morphological classiÐcation. At the red end galaxies are missing because very red galaxies lie mostly within galaxy clusters, and at the Ñux levels reached by the CDI ] KPNO there are only a few rich clusters. Assuming that galaxies at both extremes in B[V contribute very little to the total star formation rate in the local universe, the CDI ] KPNO should suffice to explore the rate of star formation taking place locally. Figure 2 shows the UBV colors of a subsample of galaxies of the CDI and KPNO observations. Plotted in Figure 2 are the total color indices and
T 0 ] corrected for di †erential galactic and internal extinction and for redshift. The and colors refer to (U[B) T 0 (B[V ) T 0 zero extinction in our Galaxy, zero extinction inside the galaxy ("" face-on ÏÏ), and zero redshift. The number of data points plotted is smaller than the number of galaxies in the FIG. 2 .ÈUBV colors of the Frei et al. (1996) and KPNO samples. The extinction-corrected total apparent magnitudes were taken catalog because not all of the galaxies have UBV entries in the RC3. As expected, the KPNO sample of galaxies has bluer colors then the CDI galaxies. Compared with the RC3 data, the CDI and KPNO galaxies cover most of the range in the UBV plane.
The values of Ha EW of 62 galaxies in the sample are compared with their colors in Figure 3 typically between 5% and 10% in bright galaxies to^30% in the weakest (3 p) lines measured (Kennicutt 1992 ). In the sample of Kennicutt (1992) the ratio [N II]/Ha ranges anywhere from 70% to 0% and has a median value of 0.53. In a few cases Hb measurements (Gallagher et al. 1989 ) are used to estimate Ha using the relationship determined by Kennicutt (1992) Under the hypothesis that the morphology in the rest frame B band and the SFR estimated from optical colors or Ha emission are closely related to each other, later we introduce structural parameters chosen a priori to be related to the star formation rate that can be measured objectively and out to redshifts of z D 1.
Description of Hubble Deep Field Data
The sample of distant galaxies used in this study was taken from the (HST /WFPC2) (Williams et al. 1997 ).4 The HDF covers an area of 2@ ] 2@ pixel~1), which was selected to have high (0A .1 Galactic latitude to have low extinction (b \ 54¡ .8), [E(B[V ) \ 0.00], and to be devoid of bright sources and clusters of galaxies. The data taken in four bandpasses, F300W (U), F415W (B), F606W (V ), and F814W (I), reach down to about 29 mag in the V and I bands (Cohen et al. 1996) . A number of Ñanking Ðelds have also been targeted as part of the HDF project with shorter integration times of 2500È5300 s ; they will not be discussed in this study. This study will be concerned with galaxies imaged with the WFC due to its larger areal coverage (5.3 arcmin2) compared to the PC (0.38 arcmin2). The data were obtained with a nominal instrumental gain of 7e~ADU~1 and readout noise of 5e~. The HDF program was undertaken partly to determine the nature of the faint blue galaxies by studying their morphologies at high resolution. In fact, the HDF optical images provide an unprecedented opportunity to study the structure of galaxies at redshifts 0.2 \ z \ 4 4 Based on observations with the NASA/ESA Hubble Space T elescope, obtained at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc. under NASA contract NAS 5-26555. because of the faint Ñux limit (29 mag), wide wavelength coverage (2500È9000 and high spatial resolution A ),
(1 3 È1 2 kpc per pixel).
In this study I use the version 2 publicly available images that were processed using the "" drizzling ÏÏ technique developed by Andrew Fruchter and Richard Hook (Williams et al. 1997) . The drizzling technique combines images of the same Ðeld accounting for geometric distortions of the optical system and stacking each frame shifted by fractional pixels. The Ðnal product is an image with pixel sizes 2.5 times smaller than the input frames. Image combination with the "" drizzle ÏÏ technique is not perfect. It causes the noise in one pixel to be correlated with the noise in an adjacent pixel and it introduces subtle changes in the PSF that translate into a D10% error in the detection and photometry of faint sources.
L imiting Surface Brightness L evels in the HDF
The limiting magnitude in the I band is D3 mag fainter than the deepest ground-based observations and D1 mag fainter than the deepest observations undertaken previously with the HST (Cohen et al. 1996) . To have an idea of the faintest Ñux levels reached by the combined HDF data I present in Table 1 for each Ðlter the number of frames total exposure times in seconds, AB magni-(N frames ), (T exp ) tude zero points (Z) corresponding to the Ñux of 1 ADU s~1, 10 p AB limiting magnitudes, and surface brightness levels at 10 and 3 p. The limiting magnitude will be deÐned in the same way as Williams et al. (1997) :
where e †ectively p is the intensity Ñuctuation on a scale of 20 original WF pixels arsec2). The (0A .1 ] 0A .1 ] 20 \ 0.2 surface brightness levels are then
The sources that contribute to p are the Poisson noise of the sky and the instrumental noise. For example, consider the F606W band in which the sky count rate is expected to be 0.090 e~s~1 pixel~1 (Biretta 1996) Table 1 ). Similarly, the expected limiting magnitudes in The structure of galaxies out to galactocentric radii comparable to the solar radius can be studied out to z D 1. R 0 The surface brightness at the 3 p level reached by the HDF data is comparable to the surface brightness of our Galaxy at the solar radius (see Table 1 ). Several studies suggest R 0 that the surface brightness of the disk of our Galaxy is an exponential function of the galactocentric radius : I(R) \ where kpc (de Vaucouleurs & Pence 1978) .
.5 At the solar radius the surface brightness in the V band has been estimated to be Pence 1978 ; Bahcall & Soneira 1980) . Given that in the V band 1 pc~2 corresponds to mag
5 The surface brightness can be expressed as SB \ L /D2 \ 4nd2f (hd)2, where L is the absolute luminosity, D is the size of a region in parsecs, f is the apparent Ñux at a distance d, and h is the angular size subtended by D at a distance d from us. Transforming the SB in the V band to cgs units gives pc~2
arcsec~2. Observing at a redshift of z \ 1, a region at R \ will have a surface brightness observed in the I R 0 \ 2.43R d band of SB \ 23.4 ] 2.5 log (1 ] z)3 \ 25.7 mag arcsec~2 assuming that the bandwidths of both Ðlters match closely when redshifted to z, i.e., *l(I) \ *l(V ) ] (1 ] z)~1. Compared to the limiting surface brightness levels reached by the HDF data, the structure of disk galaxies like the Milky Way can be studied out to galactocentric distances of 8.5 kpc or 2.4 times the exponential disk scale length. Note that a conservative surface brightness limit of 10 p will limit the study of the structure of galaxies at redshifts z \ 0.5 to a galactocentric radius of only R \ 1 3 R d .
HDF Source Catalogs
Several algorithms have been used to construct source catalogs from the HDF (e.g., Gwyn & Hartwick 1996 ; Williams et al. 1997 ; Abraham et al. 1996a ; Sawicki, Lin, & Yee 1997) . They all detect similar numbers of sources, for example, Sawicki et al. (1997) Ðnd 1577 nonstellar objects down to I \ 28 mag. For this study, I compiled a list from the work of Sawicki et al., who kindly provided me with their machine readable catalog that consists of UBV I magnitudes, X-Y CCD pixel positions, and photometric redshifts.
A number of HDF galaxies have measured spectroscopic redshifts Cohen et al. 1996 ; Steidel et al. 1996 ; Lowenthal et al. 1997 ). High-redshift galaxies with z [ 1 have been especially targeted by Steidel et al. (1996) and Lowenthal et al. (1997) . Galaxies with moderate redshifts have been published by Cohen et al. (1996) and . Together, they comprise 70 galaxies with spectroscopically determined redshifts in the HDF, excluding stars (three) and excluding the Ñanking Ðelds.
The exact number of sources in the HDF remains uncertain due to crowding problems. At B ¹ 25 the catalog of Sawicki contains 122 sources of which 28 could be considered subclumps of a larger structure. This uncertainty in the number of sources has the following implications. If a system is observed as a collection of substructures that are in fact unrelated to each other but are always identiÐed as a single object then the apparent Ñuxes will be overestimated and the number of objects will be systematically underestimated. On the other hand, if a single source containing several high surface brightness regions is identiÐed as a group of unrelated objects, then the opposite situation will occur where the Ñuxes will be underestimated and the number of sources overestimated, resulting in a steepening of the counts at fainter Ñuxes (Colley et al. 1996) . It is unlikely that either one of these extreme situations will occur exclusively, rather both conditions may be present in source catalogs. Until additional information is gathered (e.g., spectroscopy) there is no strong reason to prefer to split or merge the systems in dispute. In this study each of the 28 sources are arbitrarily considered as part of a larger structure, resulting in a total number of galaxies of 94. Table 2 contains data of the 94 HDF galaxies. The entries are as follows. Columns (1)È(4).ÈGalaxy identiÐcation numbers from the catalogs of Sawicki et al. (1997) , , Williams et al. (1997) , and van den Bergh et al. (1996) , as indicated. Column (5).ÈSpectroscopic redshift of unless otherwise indicated. Column (6).È Photometric redshift from Sawicki et al. (1997) . Columns (7)È(10).ÈAB magnitudes from Sawicki et al.
STRUCTURAL PARAMETERS OF GALAXIES
The classiÐcation of galaxies based on their appearance is difficult. It requires years to master the art of galaxy classiÐcation and even so when done by di †erent individuals the results do not always concur (van den Bergh 1989 ; Naim et al. 1995b ; Abraham et al. 1996b ). It has long been realized that an outstanding problem in classical galaxy classiÐcation is its qualitative and subjective nature (Mihalas & Binney 1981 ). The problem is being tackled by identifying the fundamental physical parameters that dictate the way galaxies are shaped (Driver et al. 1995 ; Abraham et al. 1996a ; Naim et al. 1995a ). Since galaxies are very complex systems, this task has proven to be far from easy. The origin and evolution of galaxies are orchestrated by a number of processes involving a diversity of parameters among which are the total mass, characteristic size, bolometric luminosity, angular momentum, and gas surface density. We envision a classiÐcation of galaxies that is multidimensional and panchromatic and we can start by investigating a few of its dimensions.
Considering the large number of observational quantities that characterize galaxies (Ñuxes, colors, and spectra from the X-ray to the radio wave bands, rotation curves, surface brightnesses, etc.), it is surprising that only one parameter related to the image structure, namely, the Hubble type, is so commonly used and so widely accepted. The systematics present in conventional galaxy classiÐcation and the complexity of the morphologies of galaxies force us to search for a number of diverse observables, the most fundamental of which can be later singled out, for instance, by performing a principal component analysis (Whitmore 1984) . Although the Hubble system brings about order among the majority of disks and spheroids, irregulars make up an eclectic group whose principal morphological features remain difficult to organize and identify. Information amassed from ever increasing galaxy databases impelled the introduction and implementation of new parameters at low and high redshifts : the concentration index (CI) (Morgan 1958 (Morgan , 1959 Okamura et al. 1984 ; Kent 1985 ; Doi et al. 1993 ; Abraham et al. 1994 Abraham et al. , 1996b and the asymmetry (A) (Abraham et al. 1996b) . The concentration index is in fact HubbleÏs Ðrst criterion so that its trend with morphological type is expected. The asymmetry parameter deals with a signal of lower amplitude and has been only recently measured with the Hubble Space T elescope at cosmologically interesting redshifts. A new parameter, the high spatial frequency power s, is explored in this study which, like the asymmetry, involves a low-amplitude signal. Both quantities are similar in that they have been deÐned with the intent to measure processes involving star formation, but they are di †erent in their formal deÐnition, and, as will be seen later, they ultimately measure di †erent properties.
Metric Size
Under the hypothesis that the modulation of the optical light distribution in galaxies is due to the presence of O and B type stars, the power at high spatial frequencies should correlate with the Ñux from star-forming regions. To measure this power we are challenged to deÐne a suitable spatial scale length that separates the high-and lowfrequency components of an image. I use the so called g function (Petrosian 1976) to deÐne a characteristic length that in turn will supply a scaled aperture size to measure Ñuxes and an estimate of the sizes of star-forming regions. The characteristic lengths determined this way are metric sizes that are less a †ected by the limiting surface brightness level reached and are consequently useful for applications at high redshifts. Metric sizes are preferable over isophotal ones because the physical length of the latter decreases with increasing redshift.
To illustrate the di †erence between isophotal and metric radii consider galaxies with exponential disk proÐles
where is the central surface brightness. Assuming that I 0 h d is deÐned so that it is insensitive to the conditions in which the data were taken (a weak function of angular resolution and signal-to-noise ratio) and assuming further that the proÐles of galaxies do not evolve with cosmological time, then the disk scale length remains an intrinsic property of h d the intensity proÐle and deÐnes a metric size. On the other hand, the isophotal size is deÐned as the angular size at which the intensity attains a given value, typically k i \ 25 mag arcsec~2.
At a redshift z, the intensity proÐle can be rewritten as
Setting its value to a surface brightness level, say k i \ 25 mag arcsec~2, which corresponds to pc~2, the I i \ 6.3 L _ ratio between the isophotal and metric radii becomes
with the isophotal radius measuring systematically smaller sizes than the metric radius. Similarly, considering a Hubble intensity proÐle
Assuming that both proÐle types have central intensities pc~2 at redshifts as low as z \ 0.1 the iso-I 0 \ 138 L _ photal radius is 15%È25% smaller than the metric radius. Isophotal sizes are easily measured and widely used, but they clearly do not characterize any metric property of the galaxies.
The g function, Ðrst introduced by Petrosian (1976) as a tool to estimate metric sizes, is deÐned as the ratio of the average surface brightness up to a radius R to the surface brightness at R. By means of the g function several studies have attempted to measure galaxy evolution in surface brightness (Petrosian 1976 ) and angular diameters (Djorgovski & Spinrad 1981) , whereas others have attempted to determine the form of the surface brightness decline with redshift to measure the expansion of the universe (e.g., Sandage & Perelmuter 1991 ; Kjaergaard, Jorgensen, & Moles 1993 ; Pahre, Djorgovski, & Carvalho 1996) . Here I employ the g function to characterize sizes intrinsic to the galaxies and adopt the redeÐnition of Kron (1995) , which is the inverse of PetrosianÏs deÐnition :
where in practice I(R) is the intensity measured within an annulus at a radius R from the center of the galaxy and SI(R)T is the average intensity within R, i.e., the total intensity up to a radius R divided by the area. With this deÐni-tion for intensity proÐles that decrease with R, at the center of the galaxy g(R \ 0) \ 1, and at large distances from the center, g(R ] O) ] 0. The formal error in g given by standard error propagation formulae (Bevington 1969 ) is
where and are the photometric errors of I(R) and
The metric size is chosen as the smallest radius where R g the function g attains the value i.e., The
).6 value of was chosen because it is far enough from the g \ 1 3 center not to be a †ected by resolution, yet close enough to the center to avoid the signal being dominated by sky.
The Petrosian radius can be expressed in terms of the R g more familiar exponential disk scale length Assuming a R d . surface brightness proÐle of the form I(R) \ I 0 exp~R@Rd, where R is the galactocentric radius and is the central I 0 6 In the deÐnition of the g function expressed in magnitudes, g \ 1 3 corresponds to mag. g mag \ 2.5 log (g~1) \ 1.2 surface brightness, g(R) takes the form
at which in our Galaxy corresponds to (Binney & Tremaine 1987) and which incidentally matches nicely the radius at the 3 p level surface brightness limit of the HDF data.
Method
In practice, the g functions are constructed using elliptical apertures. These are isophotal ellipse contours Ðtted to the galaxy image using the task ellipse in IRAF/STSDAS (Jedrzejewski 1987 ; Busko 1996) , which at each semimajor axis measures, among many other parameters, the isophotal intensity in ADU) at a given semimajor axis, the root (I e mean square deviation of the Ðt, the number of data [e(I e )] points in the Ðt, the total Ñux in ADU), and total (n e ) ( F e number of valid pixels inside the ellipse (N e ). In addition to the quantities ellipse computes, I determine the sky level (sky) in (ADU pixel~1) and its standard deviation with the optimal Ðltering algorithm in the (p sky ) IRAF task FITSKYPARS within an annulus of 20È30 pixels far from the outskirts of the galaxy. The choice of the radius of the region in which the sky is calculated is critical and was chosen around that point where the integrated light of the galaxy as a function of galactocentric radius is Ñat. Finally, it was veriÐed that the encircled energy proÐles of the sky-subtracted images have a slope of zero at and beyond the chosen radius.
Given the detectorÏs gain g (e~ADU~1), the intensity and the average intensity in e~are
The associated errors of I(R) and SI(R)T for N number of frames and a readout noise of rd are
At each radius is computed using equations (4), (8), p g (R) and (9).
The Petrosian radius is iteratively computed. During the Ðrst iteration, the ellipses are Ðtted starting at a semimajor axis length, which is times the length of the image size. 1 2 The g values are computed with equations (3), (6), and (7) and Ðtted as a function of R with weights equal to A Ðrst p g . guess of the metric radius and improved values of the R g 0 position angle, ellipticity, center position, and pixel step sizes are recorded and used as input parameters for the second iteration, which starts at In this way, the ellipse R g 0. Ðt is forced to closely resemble the galaxy near the metric radius. Each g proÐle is Ðtted primarily within the region 0.1 \ g \ 0.6 with a Spline3 polynomial of order 1 or a Legendre polynomial of order 2. The task ELLIPSE fails in some occasions in Ðtting the center of the galaxy appropriately, which translated into unreliable values of the g function at radii smaller than 4 pixels. In addition, highly irregular galaxies like NGC 0023 or NGC 0488 cannot be Ðtted with concentric ellipses and therefore have g proÐles that can only be regarded as approximate. The errors in R g are estimated from the g functions directly. For the entire nearby galaxy sample these errors average 40% but are typically 20%È27%. The metric radii of the nearby galaxies are presented in Table 3 (g band), Table 4 band), and (B J  Table 5 (B band). The columns of the tables are as follows. Column (1).ÈGalaxy name. Column (2).ÈPetrosian metric radius and errors. Column (3).ÈCore radius (see°3.2). Column (4).ÈProjected angle of a 1 kpcÈsized length. Column (5).ÈIsophotal semimajor axis length at the k B \ 25 mag arcsec~2 surface brightness level from the RC3. Column (6).Ès value using Column (7).Ès value w \ R g 2@3. using
Column (8).Ès value using a Ðxed 2 kpcÈ w \ 1 2 R g . sized window. Column (9).Ès from the isophotal ellipse model. All scale sizes are in units of arcseconds. The metric radii measured in the V band and the UBV I Ñuxes of the HDF galaxies are presented in Table 6 . The Ðrst four columns are the same as in Table 3 but Columns (5)È(8) contain the I, V , B, and U AB magnitudes determined within an aperture of radius R T \ 1.5R g .
Results
Shown in Figure 4 are the g functions of three galaxies : NGC 3077, NGC 4449, and NGC 2403. They are all located at fairly small distances from us : NGC 3077 at 3.7 Mpc, NGC 4449 at 3.8 Mpc, and NGC 2403 at 3.7 Mpc. These galaxies broadly represent the three types of g proÐles found in the entire sample of galaxies. In general, galaxies with centrally concentrated and smooth intensity proÐles have g functions like that of NGC 3077, whereas galaxies with insigniÐcant bulges resemble that of NGC 2403. As in the case of NGC 4449, in other galaxies g(R) is not a monotonically decreasing function of R. The increase of the intensity relative to the average intensity can be traced to the presence of very bright cores, rings, bars, or star-forming regions. In the exceptional case when g assumes the value of at very small radii (D2A), the galaxy was excluded from 1 3 this study (NGC 7469, a Seyfert galaxy).
The g function varies only mildly with wavelength. Measured in a blue and a red band, the g proÐles in Figure 4 show only small variations as a function of wavelength. Since the g functions deÐne the value of the metric size, it is important for our purposes to consider the dependence of with wavelength. The values of of 14 galaxies that R g R g span a wide range in the UBV plane and that have available images in the and R bands are shown in Figure 5 . The B J metric radii vary by about 20% between the and R R g B J bands with 75% of the data having ranges less than 15% in R g . The resulting of the nearby sample can be compared R g with the isophotal diameters compiled in the RC3. Figure 6 clearly shows that the metric and isophotal radii measure di †erent lengths, especially for the redder galaxies, in the sense that the metric radius is smaller than the isophotal radius. Very red and very blue galaxies tend to have smaller R g values in kiloparsecs. As seen in Figure 7 , galaxies with and
kpc~1 \ 20. 4 \ R g Galaxies with centrally concentrated surface brightness proÐles have g functions that decrease more rapidly with increasing radius (e.g., NGC 3077). In comparison, galaxies with proÐles like NGC 2403 have g functions that roll over at a relatively larger radius than NGC 3077. Although the exponential disk proÐles and r1@4 law are parameterized with a metric scale length, the exponential disk scale length and the e †ective radius are difficult to compare with as they deÐne di †erent properties in the integrated R(g \ 1 3 ) light of the galaxies. is the intensity-weighted Ðrst-moment radius R 1 determined from pixels within the detection isophote and is essentially a metric radius. The Ðrst-moment radius is a function of the radius R that is measured relative to the center positions of the galaxy and the intensity I(x, y) :
In contrast, the metric radius used in this study is measured from the g proÐles of the galaxies. A sample of the proÐles of HDF galaxies is presented in Figure 8 . Figure 9 shows the di †erence between the metric radii and R 1 R g . Systematically, measures larger sizes than R g R 1 .
Flux Measurement
Although the structural parameters presented in this study are independent of the photometric zero points, our photometric techniques involve somewhat unfamiliar steps. It is therefore important to compare our photometric results to the values obtained by others.
The metric radius provides a simple aperture deÐnition to measure galaxy Ñuxes. The g-band Ñuxes measured within metric apertures using the IRAF task polyphot are compared with the total Johnson B-band magnitudes from the RC3 in Figure 10 . The uncertainties in are 0.2 mag. (B T ) B T The data of the Palomar set of the CDI have relative errors of 0.05%, i.e., completely negligible compared to other sources of errors (e.g., sky subtraction and Ñat-Ðelding).
As has been mentioned before, the Lowell set and the as a function of the radius in the
Except for NGC 2403 at which was observed (R g
). g-band and B-band Ñuxes are measured within di †erent apertures, the percentage di †erence in magnitudes shows no trend with the size of the aperture.
)/g] With respect to the HDF data, both Sawicki et al. (1997) and I measure Ñuxes using metric apertures and the resulting AB magnitudes are directly compared in Figure  11 . The AB magnitude system is deÐned as m AB \ [2.5 where is the Ñux in ergs cm~2 s~1 Hz~1 ] log f l [ 48.60, f l and the constant is chosen such that AB \ V for an object with a Ñat spectrum (Oke & Gunn 1983) . Sawicki et al. measure "" total ÏÏ Ñuxes using the Picture Processing Package (PPP) (Yee 1991) , which uses certain characteristics of the growth curve to deÐne the Ñuxes, very similar to that of the total asymptotic magnitudes in the RC3, and consequently can be associated with a metric radius. Therefore, we expect the PPP Ñuxes and the Ñuxes measured using to be very similar. I compute AB magnitudes using R g the photometric zero points given by 0.03 mag. The AB magnitudes zero points used are presented in Table 1 . In general there is good agreement between both measurements although, as seen in Figure 11 , the agreement is worst in the U band where the galaxies tend to be fainter. The data points with the largest residuals in the U band (Fig. 11 , open squares) also tend to have the largest residuals in the other bands. Linear Ðts, excluding these data points, result in standard deviations of 0.40, 0.32, 0.28, and 0.26 mag in the U, B, V , and I bands, respectively. The data points are plotted along with a best linear Ðt with the standard deviations listed above, and a line with slope equal to one for reference. The agreement is good, but the large systematic scatter more prominent in B may reÑect the treatment of the superpositions of source in the PPP, which was neglected in this study.
3.2. Normalized High Spatial Frequency Power : s Having deÐned and developed a method to measure characteristic lengths and Ñuxes, we turn to the problem of quantifying the high spatial frequency power (s), which is the Ñux contained within scales smaller than that of the largest star-forming regions. To keep this quantity distance independent, it is normalized by the total Ñux of the galaxy. DeÐned in this fashion, the structural parameter s depends on an associated length (e.g., and should be R g , R d , D c ) related to the current star formation rate in galaxies.
To estimate s I construct a high spatial frequency image, which is the di †erence between a low spatial frequency image and the original image. Fluxes are measured within elliptical apertures of the absolute residual and original ( f h ) ( f ) images and their ratio deÐnes the quantity s :
Typically, the central regions of galaxies contain high spatial frequency Ñux from a bulge component and Population I stars. Although there is ample evidence from spectroscopic and narrowband imaging data that star formation is present in the cores of galaxies (see, e.g., Devereux & Hameed 1997) , in general in broadband images the contribution from each of these stellar populations cannot be distinguished unambiguously. Therefore the computation of s excludes the Ñux in the nuclear regions of the galaxy. Depending on the shape of the g proÐle, the adopted nuclear radius scales with with a factor 1, or R c R g 1 2 , 1 4 . Galaxies with proÐles like NGC 2403 (see Fig. 4 ) have core sizes galaxies with proÐles like NGC 3031 have R c \ 1 4 R g ; and galaxies with proÐles like NGC 3077 have R c \ 1 2 R g ; R c \ 1R g . The outer edge of the galaxies is set to R T \ 1.5 ] R g . The Ñux within this outer limit includes more than D90% of the total Ñux of the galaxy as illustrated in the growth curves in Figure 12 . In summary, s measures the Ñocculency within an annulus of outer radius and inner radius R T R c , both of which are simple multiples of R g .
Methods
Two methods were used to construct the low spatial frequency images. One method, more suitable for symmetrical images, uses isophotal ellipse Ðts of the original image to construct a smooth, noiseless model of the low-frequency galaxy. A second method consists of median Ðltering the original image with a sliding square window, the size of which is scaled by Both methods will be discussed in the R g . following.
The ellipse model method consists of constructing a noiseless model of the galaxy. The same resulting isophotal Ðts produced in the construction of the g function in°3.1 are used, namely, the one-dimensional intensity distribution as a function of polar angle (h) :
Near the galaxy center, the Ðts are done in steps of a few pixels to subpixels, and toward the edges the steps are coarser, up to 20 pixels. The resulting table of radii and intensities is interpolated with a cubic spline function to resample all radii. The intensities at each radius taken from the resampled Ðts are used to model a two-dimensional smooth, noiseless image : the low spatial frequency image. Example isophotal models and the residual high spatial frequency image for NGC 3810 are displayed in Figure 13 . The construction of the isophotal model resembles those produced by other authors (Odewahn 1997 ) who use, however, higher order harmonics (\8) than used here (¹2). The work presented here includes up to second-order harmonics because when including third and fourth orders the reconstructed image contains spurious features (Fig. 13d) . When using even higher order harmonics (Ðfth and sixth), the model resembles the original image very closely, in fact reproducing even the high-frequency patterns that, for our purposes, should not be contained in the smooth model.
The ellipse model method requires that the twodimensional light distribution be well approximated by ellipses. For most irregular galaxies and a large number of spiral galaxies such Ðts are unrealistic. Consequently it is desirable to try other methods to estimate s that do not depend on the harmonic orders or on the details of the interpolation function. An alternative method to estimate s is to Ðlter the image, for instance using a two-dimensional Fourier Ðlter (Burkhead & Matuska 1980) or a sliding window (Isserstedt & Schindler 1986 ). In either case, a characteristic length is needed to set the size of the Ðltering window.
In this study, I chose to use the median Ðltering method primarily because of the simplicity of the coding. Other Ðltering methods in Fourier space or using wavelets are as valid and should be further explored (see, however, Lazzati 1995). To determine how the derived values of s depend on the size of the sliding window, I used di †erent square window sizes ranging from 5 pixels to roughly 200 pixels. Families of s values for a few galaxies are shown in Figure  14 . As expected, very small windows result in s ] 0 and very large windows give s ] 1.
There are many choices for a deÐnition of the size of the sliding window. The diameters of giant star-forming regions measured in the Milky Way and external galaxies are typically smaller than 1È2 kpc (van den Bergh 1981 ; Kennicutt & Hodge 1984 ; Hodge 1987 ; Kennicutt 1988 ; Elmegreen et al. 1994) . Choosing Ðltering window sizes that encompass a projected 2 kpc size at the distance of the galaxy results in values of s, which depend on knowing the distance to the galaxy and, more importantly, assumes that galaxies have sizes of star-forming regions that, contrary to what has been discussed previously, are independent of the properties of the galaxies. We seek instead Ðltering windows with axis lengths
The result in the Appendix w \ aR g b.
( D c P motivates the case of As a compromise of R g 0.6~0.7) b D 1. the results reported in°3.1, a Ðltering window of the form is considered, where w and are expressed in
Although it is not ideal to deÐne a structural parameter that strongly depends on the distance to the galaxy, for comparison a projected 2 kpcÈsized window is also considered in this study. Along with the two s values measured with the window sizes discussed above, I also present results obtained using a window size and using the ellipse w \ 1 2 R g model. In general these four points are located before the steep rise of s with w in Figure 14 , so that in principle any one is a reasonable choice. The resulting values of s with the di †erent methods are presented in Figure 15 . The case is less compelling for the isophotal and 2 kpcÈsized window, as has been argued above. Owing to the existing relation between the sizes of star-forming regions and metric radii (Fig. 36) , I restrict the discussion of s to values measured with The values of s for the 135 nearby galaxies w \ R g 2@3. are presented in Tables 3, 4 , and 5.
The s values determined using all four di †erent methods are compared with two star formation indices in Figure 16 . The correlations between s and SFR indices are low, which reÑects the fact that s measures a small absolute quantity. From all the methods, the results using the ellipse model correspond to the highest s values, with the most deviant points corresponding to asymmetrical galaxies (NGC 4242, NGC 4826, NGC 5746). The Ðxed 2 kpcÈsized window overestimates s for the redder galaxies and for the nearer galaxies. The SFR indices considered in the comparison are the B[V color and the Ha EW. All the methods indicate that s is related to the star formation rate in galaxies. The method that uses a window size that depends on the metric radius as a power of has a number of nice 2 3 (w \ R g 2@3) features that makes it preferable over the others. It has the smallest scatter, especially in galaxies with redder colors and smaller Ha EWs. Another feature is that, unlike the model method, it does not depend on whether the shape of the galaxy can be well approximated by elliptical isophotes at all radii. Finally, given the empirical relations between the largest star-forming regions and the metric radii in equation (A1) it is more difficult to argue in favor of the 1 2 R g method. These reasons suggest that the best choice of the Ðltering window size has the form R g 2@3. This choice, however, does not preclude contamination to the high spatial frequency image from structures such as spiral arms or rings. The Ñux within these coherent structures is expected to increase the values of s. The ellipse model method does a better job at separating spiral patterns and rings from the high spatial frequency image. When comparing the results of the model method with the method using there is no indication of an overw \ R g 2@3, estimation of (Fig. 16) . The contributions to s of s(R g 2@3) spiral arms and rings are within the estimated errors of s.
As for the multiplicative factor, it was chosen so that w corresponds to the knee feature in the curve of s versus w (see Fig. 14) . The result is that a D 1 for all galaxies when R g and w are expressed in kiloparsecs.
In summary, to compute the value of s for a galaxy, Ðrst the g proÐle is constructed and the radius at which g reaches deÐnes the galaxyÏs characteristic length Second, the 1 3 R g . image is median Ðltered using a window size of to w \ R g 2@3 construct a smooth model of the galaxy and its residual map. Fluxes of the original image and of the absolute values of the residual image are measured within annuli of semimajor axis length between and The ratio of these R c R T . Ñuxes equals s. Overall, s does appear to be a reasonable quantity to measure the Ñocculency as it is larger in galaxies that look lumpier, as illustrated in Figure 17 , and that have bluer B[V colors and larger Ha EWs.
Sources of Error in s
In this section, I will discuss the inÑuence on the measurement of s of the bandpass of the image used, the angular resolution in the image, the signal-to-noise ratio in the image, and the contribution of the core Ñux to the total Ñux of the galaxy. ( Ðlled square), and ( Ðlled circle).
Bandpass.ÈOptical images taken at di †erent rest frame wavelengths reveal di †erent structures in galaxies (OÏConnell & Marcum 1997) . Broadband images at D4000
show O and B type stars that trace star-forming regions. A On the other hand, at longer wavelengths around D7000 A both old and young stellar populations contribute to the Ñux of the galaxy. This di †erence is manifested as lower   FIG. 15 .ÈValues of s for each method. In each panel, the vertical axis is the s value using a window size equal to
The horizontal axis corre-R g 2@3. sponds to each of the other three methods described in the text. For reference, the dotted line with slope 1 is shown.
values of s in the R band than in the band (Fig. 18 ) and, B J as will be shown in°6, is consistent with what is found in the HDF sample (Fig. 25) . The metric radius is an important parameter in determining s. A dependence of the metric radius on wavelength could be related to a dependence of s on wavelength. However, for the wavelength range considered in this study (4000È7000 the metric A ), radius changes undetectably (Fig. 5) . Therefore the metric radius does not introduce the trend of s with wavelength in the range under study. In summary, the systematic decrease of s with increasing wavelengths does reÑect the familiar result that galaxies appear lumpier at shorter wavelengths.
Angular Resolution.ÈImages with lower angular resolution were simulated to study the e †ects introduced in s of the decrease in resolution. The values of s change only slightly when artiÐcially decreasing the angular resolution of an image. This was found in a subsample of 27 galaxies with Hubble morphological types ranging from [5 to 11. The e †ect of lower resolution is illustrated in Figure 19 Noise.ÈThe range in background noise of the nearby galaxy images is wide. However, within this range, there is no systematic trend between s and noise (Fig. 20) . For a given data set, s is largely una †ected by the level of the sky noise.
Core Flux.ÈIn addition to galaxies with active nuclei, amidst the cores of many galaxies there is ongoing star formation (e.g., Devereux & Hameed 1997) . Crowding of stars in the cores of galaxies limits the usefulness of the method developed in this study in the central parts of galaxies. To study the innermost regions of galaxies, not only should the angular resolution be very high (mapping a few parsecs) but a di †erent method should be used to study the high spatial frequency distribution of matter in the cores of galaxies. In this method, we are forced to exclude the core region altogether and constrain the measurement of the Ñocculency to the disk of galaxies. The core Ñux can contribute to a large percentage of the total Ñux. For example, broadband images of a bulge-dominated galaxy and a galaxy containing a single high surface brightness starforming region can be indistinguishable from one another by our technique. As a result, both galaxies will have very FIG. 17 .ÈIllustration of high spatial frequency images of nearby galaxies. similar values of s in spite of the di †erences in the galaxies. To exclude this possibility, the core Ñux is removed from the calculation of s. The core region is an elliptical aperture deÐned by the semimajor axis length is a function of R c . R c and the g proÐle.
takes the value when the g R g R c 1 4 R g proÐle is of the form of NGC 2403, when it is like NGC 1 2 R g 3031, and when it is like NGC 3077. The central region 1R g of each galaxy is carefully examined to verify that the chosen core aperture does in fact exclude the core Ñux. In some galaxies with NGC 3031Ètype proÐles it was found that the core apertures were either too big or too small. In these cases the apertures were enlarged to or dimin-1R g ished to Figure 21 . This correction a †ects mostly the lowest values of s, which, as expected, can be artiÐcially overestimated since cores can have signiÐ-cant power in small scales. 
Comparison of s with Other Structural Parameters
Recently two quantitative structural parameters, the concentration index (CI) and the asymmetry (A), have been deÐned for the purpose of identifying the nature of distant galaxies observed with the HST (Abraham et al. 1996a) . The relationships of these parameters to the high spatial frequency power s and star formation rate indices are compared in this section.
Di †erent ways to deÐne the concentration index result in essentially equivalent parameters (Okamura et al. 1984 ) and the bulge-to-disk ratio and concentration index are well correlated with each other (Kent 1985) . In the following we will use the deÐnition of Abraham et al. (1994) Abraham et al. (1994) use and (a \ 0.3) ; r 1 \ r r 2 \ar instead I use and r 1 \ R c r 2 \ R T . An asymmetry parameter was introduced in the context of galaxy structure (Abraham et al. 1996b ). The idea behind this parameter, as its name suggests, is to measure the degree of azimuthal symmetry7 present in the galaxy. The asymmetry has been deÐned as the absolute value of the residual Ñux after subtracting the original image from itself rotated by 180¡. To obtain a dimensionless parameter the residual Ñux is normalized by the total Ñux.
In Figure 22 , I show the concentration index and asymmetry parameter against and Ha emission. As (B[V ) T 0 expected, the overall trends are that bulge-dominated galaxies have redder colors and smaller Ha EW. The (B[V )
T 0 concentration index turns out to be a very useful parameter as it links the stellar composition of the galaxy with its appearance in a quantitative way. However, it has been suggested that the wide range in current star formation rates compared to the small range in concentration index indicate that the latter is not probing directly current star formation, but rather the past average star formation FIG. 20 .ÈDependence of s on sky noise. Plotted are s and the ratio of the sky noise over the sky level measured within an area of (p sky ) 7 @ .2 ] 11@ .5 of the data of the Frei et al. (1996) sample. B J -band history (Kennicutt et al. 1994) . If this is the case and the shapes of galaxies are a strong function of the current star formation rate, then other structural parameters should be explored. The asymmetry, like the s parameter, is by construction sensitive to the presence of irregularities such as H II regions, tails, bridges, and dust lanes indicative of recent star formation and should complement the information extracted from CI and s. For example, the asymmetry parameter is high in galaxies that are smooth but highly   FIG. 21 .ÈDependence of s on core Ñux. The vertical axis s(C) is measured over the whole galaxy including the core Ñux. The horizontal axis is the nominal value of s, i.e., corrected for the contribution of the core. For reference, a slope of 1 line (dotted line) is plotted. asymmetric (NGC 5746) (A \ 0.2, s \ 0.14). On the other hand, galaxies that are symmetric but lumpy (e.g., NGC 3184 : A \ 0.01, s \ 0.16) have small values of A but large values of s. The asymmetry parameter measures a small amplitude signal that makes it harder to determine with precision. The trends of the asymmetry with color and Ha EW seen in Figure 22 are not as evident as in the case of CI. Abraham et al. (1996a Abraham et al. ( , 1996b measure the concentration indices of 82 galaxies in the CDI sample. These measurements agree with the CI measurements done in this study (Fig. 23) . Nevertheless there are a number of substantial departures that may be the result of choosing di †erent core radii. There are notable deviations pointed out in Figure Table 7 .
We can now directly compare the s parameter with the concentration index and asymmetry parameter. The s-A-CI planes in Figure 24 verify that s and CI are correlated with each other in the sense that smooth galaxies are centrally concentrated. However, there are a number of galaxies that lie o † this band of s-CI. These galaxies are lumpier than expected for their degree of concentration. There is no evident relationship between s and A. There are many galaxies that are symmetric and lumpy, i.e., small A and large s : NGC 3184, NGC 5334, NGC 4242, NGC 3184, NGC 5669, NGC 4861, but there are a few galaxies that are asymmetric and smooth : NGC 3377, NGC 4526, NGC 5746, and NGC 3077.
s AT HIGH REDSHIFT
The parameter s is deÐned with the expectation that it is related to the star formation rate in galaxies. As illustrated in Figure 16 , all methods used to calculate s show the trend that higher values of s do reÑect higher rates of star forma- tion as measured by the B[V color and Ha EW. Next the method developed to estimate s is applied to the images of distant galaxies.
The amount of information that can be extracted from a two-dimensional image depends on the available number of information elements (pixels) and the width of the pointspread function (PSF). If a galaxy extends across few pixels and is sampled by only a few PSFs, very little useful structural information can be extracted. Further, when the noise increases or the surface brightness limit increases there will be a bias toward the higher surface brightness regions and, as a result, we perceive galaxies to be selectively more lumpy (Ellis 1997) . With these issues in mind, one has to be FIG. 24 .Ès-A-CI planes. The values of CI and A are taken from the study of Abraham et al. (1996a Abraham et al. ( , 1996b . cautious when interpreting results concerning the morphology of high-redshift galaxies if their angular sizes are small compared to the size of the Ðltering window. For example, a distant galaxy detected as a single bright star-forming region is structurally indistinguishable from a coredominated galaxy. Without multicolor or spectroscopic data, both could have similar s values and both will be classiÐed as ellipticals.
The HDF data o †er the advantage of studying s in multiple bands. The values of s in all four UBV I bands are presented in Table 8 for the 94 galaxies with B ¹ 25 mag. These data are plotted as a function of redshift in Figure 25 . At shorter wavelengths s increases and has a larger dispersion. In the U band some values are artiÐcially high because of the low signal-to-noise ratio. (From the deÐnition of s in eq.
[11], when both the numerator and denominator approach zero, s ] O. The numerator almost always di †ers from zero, since it is the sum of the absolute values in the residual image, and in fact when considering pure sky frames s increases beyond 1.)
The value of s is compared to the morphological types determined by van den Bergh et al. (1996) and optical colors (B[V and V [I) measured by Sawicki (1997) in Figure 26 . The data plotted are for the HDF sample with redshifts smaller than 1.2. Consistent with the trends found in the nearby sample of galaxies in Figure 16 however, a large dispersion in all cases. In Figure 27 , an illustration of HDF galaxies and their high spatial frequency component are presented.
GALAXY SIMULATIONS
To check the robustness of the metric scale and highfrequency power as a function of redshift, simulations of galaxy images at redshifts comparable to the galaxies in the HDF are constructed. The simulated images are also compared with an independent study.
It has been found that some HST galaxies that elude the traditional Hubble classiÐcation scheme have morphologies similar to local galaxies observed in the rest frame UV (Bohlin et al. 1991 ; Giavalisco et al. 1996) . This result is not surprising since the UV at 2500 maps onto the V band at A z \ 1 and onto the I band at z \ 2. However, given that in the HDF 62% of the galaxies that are brighter than B 450 \ 25 mag have redshifts in the range 0.2 \ z ¹ 1 (see Fig. 25 ), the V and I HDF images sample rest frame energies at D4500
This suggests that the V I data of intermediate A . redshift galaxies should be compared with the B-band data of local galaxies. In the simulations I present here, the F300W and F450W images were not considered because, compared to the rest frame 4500 they correspond to a A , shorter wavelength range (UV ) in the rest frame of the galaxy. However, the results of such an experiment can be found in the investigations of Bohlin et al. (1991) and Giavalisco et al. (1996) who used UV images of nearby galaxies.
In addition to band shifting, it has been argued that cosmological e †ects tend to accentuate regions with highcontrast features (Abraham et al. 1996a ; Colley et al. 1996 ; Ellis 1997) . The e †ects of band shifting and decrease in signal will be explored in this section. One e †ect that is not considered in these simulations is the presence of an increased number of young stars in high-redshift galaxies. This e †ect will change the structure of galaxies ; however, the goal of these simulations is to investigate the minimum number of parameters that can reproduce what is observed at high redshift. The luminosity evolution will be included in future studies.
Method
To simulate V -and I-band images of galaxies at the redshifts of the HDF galaxies, B-band images of 38 nearby galaxies from the KPNO and CDI samples discussed in°2 .1.1 were artiÐcially redshifted. The simulations include the redshift e †ects of surface brightness dimming and decrease in angular size ; however, no evolutionary models are considered. The aim is to test how di †erent galaxies look if only instrumental and redshift e †ects are accounted for.
Given the transmission curves of the B-band Ðlter (Barden, De Veny, & Carder 1993) and of the HST band Ðlters (Biretta 1996 ) the B-band images are roughly mapped onto the V band at z \ 0.35 and onto the I band at z \ 0.9. However the widths of the Ðlter bands do not exactly map onto each other. A redshift of z \ 0.5 will map the B band between the V and I bands.
In what follows, I present a description of the procedures to simulate the appearance of a galaxy at redshift z observed with the HST /WFPC2 at a given signal-to-noise ratio and exposure time. The method for transforming a blue band image of a nearby galaxy into an HST image of a redshifted galaxy requires calibrating the Ñux, decreasing the intensity (surface brightness dimming and bandwidth corrections), binning of pixels, and adding noise to conform to the HDF images. The nearby galaxies used in these simulations are listed in Table 9 .
The Ðrst step in the simulation process is to Ñux calibrate the nearby galaxy images by relating detected electrons (e~) to Ñux in cgs units. It is useful to keep the signal in detector units, either ADU or electrons, instead of transforming to ergs s~1 cm~2 because the response of linear devices is proportional to the number of incident photons, which is FIG. 27 .ÈIllustration of high spatial frequency images of HDF galaxies.
basically the quantity that is followed with redshift. Let N (e~) be the sky-subtracted galaxy Ñux measured as described in°2.1.1. It is related to the RC3 Johnson B-band magnitude via
In essence the zero point contains information of the (Z 0 ) photometric band instrumental throughput, and, to a large extent, of the atmospheric conditions at the time of observation. Since the images used in this experiment were observed under nonphotometric conditions, the calibration is artiÐcial in that the measured Ñuxes are forced to (Z 0 ) equal the RC3 magnitudes. The values of are presented Z 0 in Table 9 . Also presented in Table 9 are the sky surface brightness levels and 10 and 3 p surface brightness limits that were deÐned for the HDF data in°2.2.
With the images properly Ñux calibrated, the next step in the process is to relate the number of photons received at low redshift with the number of photons expected at high redshift. The calculations will consider the instrumental sig- natures of the Ðlters and detector in order to make a direct comparison between the HDF data and the nearby galaxy images. The number of electrons (N) detected from a source with Ñux (ergs cm~2 s~1 Hz~1) is
where t is the exposure time in seconds, D is the diameter of the telescope in cm, h \ 6.626 ] 10~27 ergs is PlanckÏs constant, is the transmission of the Ðlter, and is the detec-T l Q l tor and telescope efficiency.
Given that
where Jy \ 4260 ] 10~23 ergs s~1 Hz~1 is the F l | \ 4260 Ñux of a Lyrae in the B band of the UBV RI photometric system (Bessell 1979) , the zero point can be rewritten in terms of the systemÏs characteristics as
where
The quantity characterizes the observation with a given A i set of instruments, telescope, and exposure time ; the subscript i \ 0 refers to the KPNO and Frei et al. (1996) observations ; and the subscript i \ z refers to the HST /WFPC2 simulated images. For the local sample the values of can be estimated from Table 9 log A 0 \ Z 0 /2.5 ] 19.3706 for each of the input data. The HST /WFPC2 data of the HDF in the V and I bands correspond to log A z \ 34.494 and respectively. The assumed parameters log A z \ 34.181, characterizing the Ðlters are presented in Table 10 .
Similar to equation (13), the number of electrons recorded on a pixel of size is given by
where is the intensity per unit frequency (ergs~1 cm~2 I l Hz~1 arcsec~2). The number of electrons detected per pixel from a galaxy at low redshift (z \ 0) are
The number of electrons detected per pixel from the same galaxy but now placed at high redshift (z) are
where h(z) is the angle projected at a redshift z. To obtain h 0 the number of electrons detected from a galaxy image as observed at high redshift, all there is left to do is to apply the Tolman prediction (Tolman 1934 ) that the surface brightness per unit frequency diminishes as (1 ] z)~3. The intensity per unit frequency is proportional to (1 ] z)~3 : I l (z) \ Two factors of (1 ] z) are due to the decrease I l (0)(1 ] z)~3. in angular size and one factor is due to time dilation. The total intensity emitted in a Ðnite bandwidth *l(0), which is received in the bandwidth *l(z), is then I(z) \ I(0)(1 ] z)~4.
We now return to equations (18) and (19), which relate the number of photons for low-and high-redshift sources. The intensity per unit frequency as a function of redshift is now substituted into equation (19) . Finally, the ratio between the simulated number of electrons from a distant galaxies and the number of electrons from a nearby galaxy is
When using equation (20) two assumptions are made. One assumption previously discussed is the redshift range in which these simulations are valid. In practice the redshifts are constrained by the Ðlter characteristics. Since the zero redshift galaxies are observed through B-band Ðlters [j(0) D 4500 and the high-redshift galaxies are observed A ] through the V and I bands [j(z) D 6000 and j(z) D 8000 A then the relation A ],
constrains the validity of n(z) to the redshifts z \ 0.33 when mapping the B band on the V band and z \ 0.77 when mapping the B band on the I band. The second assumption in estimating the number of photons emitted by the source is that the intensity per unit frequency is well approximated by the integrated intensity divided by the Ðlter bandpass. The Ðnal step in the simulations is to add background noise. So far the simulated image is practically noiseless. Although the original data contained instrumental noise and Poisson photon noise from the source and the background, they amount to a small signal compared to that of the galaxy and are therefore neglected : it is assumed that the simulated image contains only source signal (see, however,°5.2). To conform to the noise in the HDF data, Poisson photon noise is generated for the sky levels and exposure times measured in the HDF images with the IRAF task MKNOISE. The sky levels per pixel are 8022e~in 0A .1 the V band and 5369e~in the I band (Williams et al. 1997) and the readout noise is 5e~per frame. The number of frames is 103 in the V band and 58 in the I band (see Table  1 ). Finally, the image is converted from electrons to ADU with a gain of 7e~ADU~1.
Results
The method described in the previous section to transform a B-band image of a galaxy at z D 0 into a WFC image of a galaxy at redshift z was applied to 36 galaxies from the local sample. I simulated their appearances as seen at three redshifts : 0.35, 0.5, and 0.9. At z \ 0.35 and z \ 0.50 the simulations are of images in the F606W Ðlter for a total integration time of 30.3 hr, and at z \ 0.90, in the F814W Ðlter for 34.3 hr. An illustration of the resulting images of seven galaxies is presented in Figure 28 . As expected, the simulations show the increase in the background level and the decrease in angular resolution with the most conspicuous features being the cores of the galaxies. Consequently, with decreasing signal galaxies are identiÐed and classiÐed based largely on information contained in their cores. All have shapes that can be recognized with their original forms except for Arp 002, which is also the faintest in absolute luminosity and the closest. Galaxies like Arp 002 remain largely undetected at large redshifts unless they have higher luminosities for some reason. Unlike Arp 002, giant galaxies at high redshifts should be detectable in the HDF data if they were similar.
A useful quantity to know is the sky brightness. This is determined by measuring the median value (m) in e~of a source-free region in the frame :
Here is the pixel size in arcsec pixel~1 of the original h 0 image. The sky surface brightness values, which are shown in Table 9 , provide a rough estimate of the level of the faintest features that can be recognized. The surface brightness levels and surface brightness limits vary largely from image to image, providing the range in noise shown in Figure 20 . In contrast, the galaxy images in the HDF originate from a single patch in the sky and from the same set of imaging data ; therefore, the quality of the distant galaxy images is more uniform compared to the simulations.
Comparison with Other W ork
Two-dimensional simulations of the light distribution of galaxies might consider each pixel individually, correcting FIG. 28 .ÈIllustration of simulated images. Each column contains a di †erent galaxy, the number of which is indicated at the top of each column. The Ðrst two columns refer to Arp 002 and Arp 158, and the rest of the columns refer to NGC galaxies. The rows represent di †erent redshifts that increase toward the bottom. At z D 0 each frame covers a di †erent size in kiloparsecs as indicated underneath each galaxy identiÐcation number. Frames of an individual galaxy and its simulations cover the same size in kiloparsecs. Black and white correspond, respectively, to the median plus four and minus Ðve standard deviations of the background.
for the change in the spectral energy distribution if necessary. In this study, I do not consider this selective kcorrection since the comparisons are made directly to the galaxyÏs D4500 rest frame spectrum. However, to have an A overall idea of the errors in the simulations when this correction is neglected, I compare the simulations with those of Abraham et al. (1996a Abraham et al. ( , 1996b who did consider pixel-bypixel k-corrections.
The simulations are compared exclusively with those of Abraham et al. (1996a Abraham et al. ( , 1996b to keep it as straightforward as possible since we both use the same images as input for the simulations to recreate I-band HST /WFC data at redshifts in the range 0.2 \ z \ 1. Another more practical reason is the availability of a set of simulated twodimensional galaxy images kindly provided by R. Abraham. Using the data of the CDI sample of local gal-B J -band axies discussed in°2.1.1, Abraham et al. (1996b) simulate galaxy images at redshifts 0.3, 0.5, and 0.7 as observed with the WFC in the Medium Deep Survey (MDS). To conform to the MDS data, the simulations correspond to I-band images (F814W Ðlter) with a total integration time of 2.8 hr and pixel scale Each pixel in the galaxy image is treated 0A .1. as a separate source with its spectral energy distribution (SED) determined from the color and interpolated between a suite of SEDs for morphological types : E/S0, Sab, Sbc, and Sdm.
Following the same procedures described in°5.1, I simulated MDS data using 20 CDI galaxy images. B J -band Other than K-correction, the two sets of simulations di †er from each other in the values assumed of the cosmological parameters. Abraham et al. (1996b) assume km s~1 H 0 \ 70 Mpc~1 and whereas in this study km q 0 \ 0.05, H 0 \ 65 s~1 Mpc~1 and Another di †erence is that in this q 0 \ 0.5. study the rest frame B band is simulated, whereas the simulations of Abraham et al. (1996b) are for the observed I band, which at the redshifts considered correspond to roughly 6100 at z \ 0.3, 5300 at z \ 0.5, and 4700 at A A A z \ 0.7. Therefore, the simulations should resemble each other the closest at z \ 0.7.
Following the method outlined in°3 the simulated galaxiesÏ metric size and power at high spatial frequency s were determined and are presented, respectively, in Figures 29  and 30 . The metric radius measured from the simulations done as discussed in this study are consistent with [R g (z) ] the metric radius measured from the simulations of Abraham et al. (1996b) ( Fig. 29) , the di †erence being [R g K(z)] less than 2 kpc. At the redshift range considered here, 2 kpc corresponds roughly to 1È4 WFC pixels. In the case of s, the di †erence in sK(z) [ s(z) is large compared to their values. Despite this fact, Figure 30 shows that sK(z) and s(z) agree with each other in the sense that larger values of sK(z) correspond to larger values of s(z). The largest departures are for s [ 0.2 where sK(z) \ s(z). This is consistent with the way in which the simulations were done since the SEDcorrected images correspond to longer rest frame wavelengths than the simulations done without SED corrections. Consequently, the decrease of sK(z) at z \ 0.3 and z \ 0.5 with respect to s(z) is similar to the decrease in s measured on local galaxy images at D4500 and D7000 in°3.2.2 A and Figure 18 . In conclusion, the metric radius is a robust quantity in that its value remains almost una †ected by whether SED corrections are considered or not. Although the high spatial frequency power is susceptible to corrections of the SED the general trend that high values of s correspond to high values of sK is still present.
Hubble Deep Field
The results of simulations that reproduce HDF images of galaxies are presented in Table 11 , which contains for the three redshift ranges z \ 0.35, 0.5, 0.9 the metric radius R g in columns (2)È(4) and the power at high spatial frequencies s in columns (5)È(7). Note that if the HST /WFPC2 PSF is used, the values of s decrease typically by 0.06. The metric size can be recovered to better than^2 kpc as shown in Figure 31 , which amounts to 1È4 pixels. The spread is larger with increasing redshift, and at the highest simulated redshift, z \ 0.9, the distribution has an o †set toward higher values in *R.
It is expected that the reduced signal-to-noise ratio, relative increase in background, and cosmological surface brightness dimming tend to accentuate the visibility of high- contrast features (Ellis 1997) . The simulations corroborate this expectation showing that in general the values of s increase slightly with redshift (see Fig. 32 ). It is worth emphasizing that these e †ects will artiÐcially increase the likelihood of identifying high-redshift galaxies as irregulars.
DISCUSSION
The purpose of the sample of nearby galaxies is to populate extensively the s-parameter space. It is hypothesized that the parameter s is related to the current star formation rate in galaxies (see Fig. 16 Compared to the work of Isserstedt & Schindler (1986, hereafter IS86) , who Ðnd that the average value of s around 4500 is SsT \ 0.15 for a nearby sample of late-type A 9 spirals and irregular galaxies, in this study I Ðnd SsT BJ \ 0.11, and in the g, and B SsT g \ 0.13, SsT B \ 0.20 B J , bands, respectively. The sample of IS86 contains spiral and irregular galaxies and is therefore comparable to the B-band and g-band data. The values of s in these three samples are in good agreement with each other in spite of the di †erences in methods and Ðlter bands used in determining s.
Modeling s
Although in the nearby sample the dynamic range of s (0È0.4) is small, it is consistent with measured star formation rates and simple model predictions. The quantity that s 9 IIIaÈJ plates and GG385 Ðlter measures is the ratio of luminosities of a new generation of stars and of the total stellar population at a
A rough estimate of s can be obtained assuming the birth of a single stellar population on top of an older population of stars. The luminosity in newly born stars is simply (L new ) the integral of the luminosity-weighted IMF. The total luminosity is the sum of the new and a number (N) of
). For the old stellar population, the contribution of the giant stars to the total luminosity can be signiÐcant. Tinsley (1980) presents values of the bolometric luminosity in giants in terms of the bolometric luminosity of dwarf stars :
For a stellar population that is 10 Gyr old L giant bol \ GL dwarf bol . Tinsley Ðnds that G D 6. From the results of Turnrose (1976) , G in the central regions of spiral galaxies in the V band is D0.8 in NGC 0628 and D0.2 in NGC 1637 and NGC 2903. Given that at shorter wavelengths giant stars contribute less to the integrated light of galaxies, to estimate s in the B-band, values of G lower than TinsleyÏs bolometric value should be considered. In Table 12 I present values of s for G ranging from 0 to 6 with the most likely value being Using the IMFs of Miller & Scalo (1979) and Rana G [ 1. (1987) , the stellar mass-luminosity relation in the B band, and assuming that all the older generations of stars have the same age, I estimate the values of s from
Note that with this last assumption, G is a constant and N now represents the ratio of masses in the old and new stellar populations. The age of the old stellar population is only used to set the upper mass limit in the luminosity function integral of The results are presented in Table 12 . L dwarf . Column (1) gives the ratio of the luminosity of dwarf to giant stars, and columns (2)È (5) give the values of s for a number of generations of older stars (N).
The estimated values of s depend strongly on the age of the burst, N, and G, so these theoretical values should not be taken too seriously. However two conclusions can be 
Star Formation History
Following the work of IS86, we can estimate the star formation history, characterized by the ratio of the current star formation rate to the past star formation rate averaged over the age of the disk, denoted b by Scalo (1986) :
The star formation rate can be expressed as
where is the mass-luminosity relation of a newly (M/L ) n born population of stars up to a time and can be esti-
where m(log m) is the IMF, m is the mass, for T * \ q(m)/q n and T * \ 1 for For three di †erent q(m) \ q n , q(m) [ q n . mass ranges is given in Table 13 . There are large (M/L ) n di †erences in depending on the adopted form of the (M/L ) n IMF. The Miller & Scalo (MS) IMF is adopted in what follows to compare the stellar birthrates as closely as possible to that of Kennicutt et al. (1994) and IS86.
The past average star formation rate can be expressed as
where (M/L ) is the mass-luminosity ratio of the galaxy (Faber & Gallagher 1979) and q is the age of the galaxy that is taken to be the Hubble time q \ 1010 yr (q \ 2/3H 0 1 Peebles 1994). Finally the b ratio can be written in terms of the quantity s as
The stellar birthrate from Ha is given by (Kennicutt 1983 (Kennicutt , 1998 b The inferred birthrates from the Ha luminosity and s L Ha can be directly compared. There are 78 galaxies in the sample of nearby galaxies with observed Ha emission that on average have ergs s~1, SL Ha T \ 8.5 ] 1040 SL B T \ 3.9 ] 1043 ergs s~1, ST -typeT \ 4, SM/L T \ 4.7, and SsT \ 0.14. The resulting birthrates using equations (30) and (31) are and Despite the Sb s T \ 0.17 Sb Ha T \ 0.14. large uncertainties in the quantities involved in determining b, both estimates agree well with each other.
Assuming that galaxies in the CDI ] KPNO sample represent the typical colors of nearby galaxies (see°2.1.1) then locally the star formation history is approximately b D 0.6 (SsT \ 0.13). This value agrees very well with that determined by IS86 and by Kennicutt (1983) .
Within the timescales of interest, the ratio q n /(M/L ) n changes more slowly than q/(M/L ), and therefore the determination of b depends strongly on the M/L ratio of the galaxy (if galaxies are formed at the same time q). Therefore to follow the evolution of star formation with cosmic time, it is clear that the M/L ratio needs to be further investigated on large samples of galaxies and at many redshifts.
The star formation history b is directly related to s/ (M/L ). Assuming a Ðxed timescale during which the star q n formation episode occurred, then b P s/(M/L ). The M/L ratios of the HDF galaxies are not known, and instead of assigning them based on their visual morphological classiÐcation, the product b(M/L ) is considered instead of b alone.
In Figure 33 , the quantity s[Pb(M/L )] is shown at di †er-ent redshift bins for the data (Figs. 33aÈ33d) and simulations (Figs. 33f and 33g) . The median and quartiles of (s 1@2 ) the nearby sample (z D 0) and the HDF sample at di †erent redshifts are presented in Table 14 . Compared to the nearby galaxies (Fig. 33a) , the HDF data within the redshift range z \ 1.1 (Figs. 33b and 33c ) have values of s similar to the nearby sample. However, compared to the simulations there is a slight increase in the expected values of s (Figs. 33f  and 33g) . The simulations use a sample of the CDI ] KPNO that was chosen intentionally to have large values of s (Fig. 33e) . It was expected that this CDI ] KPNO subsample represented the HDF galaxies that, as claimed elsewhere (Driver et al. 1995) , are irregular galaxies undergoing large rates of star formation. However the HDF data at z ¹ 1.1 are no more Ñocculent than the simulated nearby sample. When including the e †ects of the HST /WFPC2 PSF of a 0.06 decrease in s, a better agreement exists between the HDF data and the simulations ; however, the HDF data are still not more Ñocculent than the simulated data. Finally, HDF galaxies at higher redshifts (z [ 1.1) (Fig. 33d) have a distribution of s that compared to the lower redshift HDF galaxies is Ñatter and with a tail toward higher values of s (see also Fig. 25 ).
The nearby sample of galaxies has typically s D 0.12. The B-band data have s D 0.20, the data s D 0.11, and B J -band the g-band data s D 0.13. For the redshift range z ¹ 0.6 the median s D 0.13, for the redshift range 0.6 \ z ¹ 1.1 the median s D 0.12, and for z º 1.1 the median s D 0.16. Therefore, the HDF galaxies with B ¹ 25 are as Ñocculent as our nearby sample of galaxies.
The nearby galaxies used in the simulations having the highest values of s tend to be galaxies at small distances from our Galaxy (NGC 1569, NGC 2403, NGC 4449). These galaxies that fall in the category of dwarf galaxies are also the closest to us and become undetectable in the simulations at redshifts larger than 0.3 (see Table 11 ). Incidentally, these tend to be the galaxies with the highest star formation rates. Therefore, the lack of very high s values in the HDF compared to the CDI ] KPNO sample can be understood because a population of dwarf galaxies at high redshifts will fall below the detection limit that deÐnes our HDF sample (B AB ¹ 25).
6.3. Galaxy Sizes The metric radii as a function of distance of the nearby and distant galaxy samples are plotted in Figure 34 . The distances of the nearby galaxies are determined from their heliocentric velocities from the RC3 and NED.11 The gal- FIG. 33 .ÈData and simulations of s. Data (a)È(d) are shown on the left panels and the simulations ( f ) and (g) at high redshifts are shown on the right panels except for the CDI ] KPNO subsample (e), which are the data used for the simulations. The data shown include (a) the nearby sample (CDI ] KPNO), and the HDF galaxies within three redshift bins : (b) 0.1 \ z ¹ 0.6, (c) 0.6 \ z ¹ 1.1, and (d) z [ 1.1 as indicated. The simulations include the subsample of 38 galaxies in the CDI ] KPNO at redshifts ( f ) z \ 0.35 and z \ 0.5 and at (g) z \ 0.9 as indicated. The number of galaxies in each panel is shown in parentheses. axies with the smallest distances are often smaller than 5 kpc. As has been mentioned before, these tend to have large star formation rates, and when simulated at high redshifts they are not detected beyond redshifts z [ 0.35. Most of the galaxies at redshifts between 0.2 and 0.9 have sizes between 5 and 10 kpc. The measured sizes of distant galaxies show di †erent distributions depending on their redshifts. If one assumes the nearby sample of galaxies as the parent population, a Kolmogorov-Smirnov test Ðnds that the sizes of HDF galaxies with z ¹ 0.6 are consistent with the nearby sample. In contrast a K-S test on the HDF galaxies with 0.6 \ z \ 1.1 Ðnds that it is consistent with the nearby sample at a 2% signiÐcance level. That is to say, the sizes of the highredshift HDF samples are di †erent from that of the nearby galaxy sample. This suggests that there are size selection e †ects at higher redshifts. The high-redshift HDF sample contains a larger number of very small and very large galaxies compared to the low-redshift samples, in both the HDF and the nearby samples.
Birthrates and Galaxy Sizes
The pieces of information distilled from the images of galaxies are the high spatial frequency power and the metric radius. To investigate how the Ñocculency is distributed among galaxies with di †erent sizes, in Figure 35 s is plotted against in kiloparsecs. Although the nearby sample and R g the HDF sample are very similar, there is a notable di †er-ence among the HDF galaxies depending on their redshifts. Among the HDF galaxies with z ¹ 0.6, the smallest of them tend to have larger values of s than the HDF galaxies with z [ 0.6 and in some cases the nearby galaxies. As expected, dwarf galaxies undergoing enhanced star formation rates are small but have large values of s. In Figure 35 , the open squares indicate three nearby galaxies that are considered FIG. 35 .ÈMetric radius and high spatial frequency power (s). The (R g ) small crosses are the nearby galaxies at z D 0, the Ðlled circles are the HDF galaxies with redshifts z ¹ 0.6, the Ðlled triangles are the HDF galaxies with redshifts in the range 0.6 \ z ¹ 1.1, and the open triangles are the HDF galaxies with redshifts z [ 1.1. The open squares indicate examples of three nearby dwarf galaxies undergoing enhanced star formation rates : NGC 4449, NGC 1036, and NGC 7468.
prototypes of dwarf galaxies undergoing high rates of star formation. These are NGC 1569 s) \ (0.3, 0.5), NGC (R g , 4449 (1.4, 0.3), NGC 1036 (0.8, 0.2), and NGC 7468 (2.0, 0.3). Few if any of the HDF galaxies populate the region delimited by these nearby dwarf galaxies, which suggests that the HDF galaxies that are more lumpy are not small. Another feature in Figure 35 is that there are no large galaxies with low values of s.
Allowing for di †erent values of results in at most q 0 5%È8% of the HDF galaxies occupying the same locus as these nearby dwarf galaxies. In conclusion most of the Ñoc-culent galaxies in this sample of the HDF are not dwarfs undergoing strong bursts of star formation in their disks but can be identiÐed instead with giant galaxies undergoing similar star formation rates as observed locally. If there exists a large population of dwarf galaxies undergoing intense star formation, they are not very Ñocculent.
CONCLUSIONS
The degree of Ñocculency s in galaxies can be measured with an extremely simple method based on surface photometry in one band. The method developed to measure this quantity depends on two properties of the galaxy : the size of the largest star-forming regions and the intensity proÐle.
The quantity s traces the star formation history as s is correlated with optical colors and Ha EWs. A simple physical interpretation of a feature in the morphology of galaxies is achieved : Ñocculency has been objectively and quantitatively related to the star formation rate.
It has been claimed elsewhere that the number of irregular galaxies is larger in the HDF than what is observed locally (Driver et al. 1998 ). I Ðnd that only when comparing the extreme tail of the distribution in s does the above statement apply to the data used in this study. I Ðnd that the number of galaxies with high values of s in the HDF galaxies with redshifts below z D 1 is similar to what is measured locally : the percentages of galaxies with s [ 0.15 are 46% both in the HDF galaxies with z ¹ 1 and in the CDI ] KPNO sample (see Fig. 33 and Tables 3, 4 , 5, and 8). The metric radii of the HDF galaxies with the largest values of s are all larger than the median of 5 kpc in the HDF, whereas for the same range in s the nearby galaxies have all radii in the range 5È10 kpc. These galaxies tend to have large intrinsic radii. Consistent with what Bouwens et al. (1998a Bouwens et al. ( , 1998b Ðnd, the number of dwarf irregular galaxies contributing to the irregular type galaxies in the HDF is uninterestingly small.
At redshifts lower then z D 1, the intrinsic sizes of nearby and distant galaxies are comparable to each other. The median radius of the nearby sample is 5 kpc and the median radius of the HDF sample is 4.9 kpc. This result can be compared with the work of Roche et al. (1998) , Mutz et al. (1994) , and Bouwens et al. (1998a Bouwens et al. ( , 1998b . Consistent with our results, they Ðnd that galaxies with magnitudes brighter than and redshifts lower than have little if I [ 22 z [ 0.8 any variation of their sizes with increasing redshift and magnitude.
At redshifts higher than z D 1, it appears that the intrinsic sizes and s values are smaller than at lower redshifts. To investigate this trend, this study should be extended to fainter magnitude limits and higher redshift ranges. If this trend is conÐrmed, this result signiÐes that the brightest sources at redshifts higher than z D 1 are compact galaxies, and if further their masses are small it will give supporting evidence for a hierarchical scenario of galaxy formation.
FUTURE WORK
The main conclusion of this study is that the HDF galaxies with redshifts do not show more Ñocculency z [ 1 than what is expected from a sample of nearby galaxies. Two-dimensional data such as multiband colors, narrowband imaging, or integral Ðeld units if enough photons are available could in principle point out the star-forming sites and their intensities. This can resolve whether the high star formation rates inferred from the blue colors of galaxies at high redshifts are centrally concentrated (AGN) or spread throughout the disk of galaxies as we observe nearby.
At the turn of the millennium it will be possible to observe star formation processes in situ and their evolution out to look-back times when galaxies are young. These new limits will be reached when large aperture telescopes with near-infrared imaging capabilities and angular resolutions of integral Ðeld units, and high-order adaptive optic 0A .1, systems are available.
To take advantage of this technologically bright future, the study of morphologies of galaxies needs further work. In this work, I have quantiÐed a property in galaxies : the Ñoc-culency. We can easily Ñag objects that are Ñocculent, but it is difficult for us to measure its degree. There are a number of di †erent methods that could be used to measure this same property : wavelets, pixel correlation functions, etc. In that respect, this study is meant to provide the Ðrst step in quantifying it and applying it out to high redshifts and di †erent bandpasses.
In addition, large campaigns to measure mass distributions (e.g., DEEP) and emission-line spectra (e.g., CFRS, CNOC) out to z D 1 are needed to verify that the imaging data and the physical processes are tied together in the same way as in the local universe. These techniques to measure the star formation rate can be extended to redshifts as high as z D 4 with the Next Generation Space T elescope (Dressler et al. 1996) .
Finally, we are left with the following question : What is a good operational deÐnition of a high-redshift galaxy ? Currently, objects listed in catalogs may be a combination of high surface brightness regions, or each one of these regions may be an individual galaxy. The results of counts, color, and redshift distributions will depend on reÐning our ability to tackle this problem. 
SIZES OF STAR-FORMING REGIONS
A consistent deÐnition of a galaxyÏs characteristic length is operationally important, especially if the sizes of galaxies and large H II regions within them can be expressed in terms of it. For the purposes of this study, it is reasonable to concentrate on scale lengths that are explicitly related to the star formation process in galaxies and therefore attempt to deÐne the sizes of star-forming regions.
There is no evidence for uniformity in the sizes of H II regions. However, the typical size of the H II regions found in a given disk galaxy is correlated with the absolute luminosity of the galaxy : more luminous galaxies have larger star-forming regions (van den Bergh 1981 ; Kennicutt & Hodge 1984 ; Kennicutt 1988 ; Elmegreen et al. 1994) . It is therefore not surprising that in Figure 36 I Ðnd that galaxies with larger characteristic lengths have larger sizes of star-forming regions In Figure 36 the R g D c . characteristic lengths are in units of kiloparsecs using the redshift values in Table 2 and the sizes of star-forming regions D c ; are from Elmegreen et al. (1994) who measured the area of the largest regions of star formation in all the galaxies of the Sandage and Bedke Atlas of Galaxies (Sandage & Bedke 1988) . The data of Figure 36 are presented in Table 15 . A power-law Ðt of the logarithm of the metric radii to the logarithm of the sizes of star-forming complexes (see Table 15 ) is (D c )
with an rms \ 0.18 and a reduced s2 \ 0.18. A result similar to equation (A1) can be independently derived as follows. Elmegreen et al. (1994) Ðnd that the sizes of the largest star-forming complexes are related to the absolute luminosity of the galaxies as
In addition, Persic & Salucci (1991) Ðnd that the exponential disk scale length is a function of the absolute luminosity :
where corresponds to a magnitude of From the above relations, it follows that the size of the largest L B * M B * \ [21.2. star-forming complex can be related to using equation (5) evaluated at R g g \ 1 3 :
Equations (A1) and (A2) show that the sizes of the largest star-forming regions in a galaxy scale with the Petrosian radii as a power in the range 0.6È0.7.
